INTRODUCTION
Oxidative stress constitutes a major threat to organisms living in an aerobic environment, and for humans it might have a causative role in many disease processes. Oxidants can trigger the activation of multiple signalling pathways that influence the cytotoxicity observed in affected cells, including the phosphorylation cascades leading to the activation of mitogen-activated protein kinases (MAPKs) and nuclear factor κB (NF-κB).
MAPKs, which include extracellular signal-regulated protein kinase (ERK), c-Jun N-terminal kinase\stress-activated protein kinase (JNK\SAPK) and p38 subfamilies, are important regulatory proteins through which various extracellular signals are transduced into intracellular events [1] [2] [3] . They are responsible for the phosphorylation of a variety of proteins including downstream kinases and transcription factors. ERK, JNK\ SAPK and p38 can all be activated by a variety of stimuli including growth factors, cytokines and different cellular stresses. However, the subfamilies are differentially affected by particular stimuli such that, in general, ERK shows greater activation than either JNK\SAPK or p38 in response to mitogenic stimulation, whereas JNK\SAPK and p38 are activated to a much greater extent by stressful stimuli [2, 3] . High levels of JNK\SAPK activity have been correlated in many instances with the induction of apoptosis [4] [5] [6] [7] [8] [9] [10] . However, there are reports of situations in which JNK\SAPK activation occurs without influencing cell death [11, 12] , and still others in which JNK\SAPK activation actually promotes proliferation and\or cellular transformation Abbreviations used : DAPI, 4h,6h-diamidino-2-phenylindol ; DTT, dithiothreitol ; ERK, extracellular signal-regulated protein kinase ; GST, glutathione Stransferase ; HA, haemagglutinin ; JNK, c-Jun N-terminal kinase ; MAPK, mitogen-activated protein kinase ; MAPKAPK2, MAPK-activated protein kinase 2 ; MBP, myelin basic protein ; MEK, MAPK/ERK kinase ; MEKK1, MAPK kinase kinase 1 ; NF-κB, nuclear factor κB ; SAPK, stress-activated protein kinase ; SEK1, SAPK/ERK kinase 1. 1 To whom correspondence should be addressed (e-mail nikki-holbrook!nih.gov).
activation was inhibited by expression of a dominant negative mutant form of SAPK\ERK kinase 1. Inhibition of the p38 kinase activity with p38-specific inhibitors SB202190 and SB203580 had no effect on cell survival. Because NF-κB activation by H # O # is potentially related to both the ERK and JNK\SAPK signalling pathways, we examined the effects of inhibiting the activation of NF-κB ; this interference had no effect on the cellular response to H # O # . Overexpression of the anti-apoptotic protein Bcl-2 significantly decreased the apoptosis seen after treatment with H # O # without altering ERK or JNK\SAPK activities. Our results suggest that ERK and JNK\SAPK act in opposition to influence cell survival in response to oxidative stress, whereas neither p38 nor NF-κB affects the outcome. Bcl-2 acts independently and downstream of ERK and JNK\SAPK to enhance the survival of H # O # -treated cells.
[ [13] [14] [15] [16] . In many conditions of stress leading to apoptosis, ERK activity is suppressed. This has led to the suggestion that the balance between JNK\SAPK and ERK activities is a key factor in regulating apoptosis [4] . Although p38 has been less well studied than JNK\SAPK or ERK, a limited number of reports have provided evidence indicating that p38 might have an active role in the induction of apoptosis [4, [17] [18] [19] [20] . Oxidative stress constitutes an interesting exception to the generalities described above, in that ERK is highly activated by treatment with oxidants such as H # O # and butylated hydroxytoluene hydroperoxide [21, 22] and, at least in NIH 3T3 mouse fibroblasts and rat PC12 phaeochromocytoma cells, this ERK activation seems to be important for long-term survival after treatment.
NF-κB is also presumed to have an important role in determining cell fate during stress. Although most published reports have provided evidence suggesting that it is anti-apoptotic, NF-κB has also been linked to the onset of apoptosis in certain cell types and conditions of stress [23, 24] . A heterodimeric transcription factor, NF-κB leads to the transcriptional activation of numerous stress response genes [24] . Interestingly, both the ERK and the JNK\SAPK signalling pathways have been implicated in NF-κB activation through phosphorylation of its inhibitor IκB [25] [26] [27] [28] . Although NF-κB is known to be activated after treatment with H # O # [29] , its role in influencing cell survival under such conditions has not been addressed.
Although MAPK signalling pathways and NF-κB activation have both been implicated in regulating the cellular response to stress, there remains conflicting evidence regarding the import-ance of certain mediators from one study to another as highlighted above. This confusion could arise from a number of variables, including differences in the cell type or stress agent. Furthermore, because most studies have looked at a given pathway in isolation, the potential interactions between pathways have often not been addressed. In the present study we sought to investigate systematically the relative contributions of ERK, JNK\SAPK and p38 MAPK as well as NF-κB in influencing cell survival during treatment with a model oxidant (H # O # ) in a single cell type (HeLa). We provide evidence that H # O # -induced apoptosis of HeLa cells is potentiated by inhibition of ERK and decreased by inhibition of JNK\SAPK. Neither p38 activation nor NF-κB activation seems to influence the response. Bcl-2 overexpression protects cells against apoptosis without altering the activity of either ERK or JNK\SAPK, suggesting that it acts independently and downstream of these kinases to regulate H # O # -induced cell death.
MATERIALS AND METHODS

Reagents and plasmids
PD098059, SB203580 and SB202190 were purchased from Calbiochem (La Jolla, CA, U.S.A.). They were dissolved in DMSO and stored as 10 mM stock solutions. H # O # and myelin basic protein (MBP) were obtained from Sigma Chemical Co. (St. Louis, MO, U.S.A.). Recombinant human Hsp27 protein was purchased from StressGen Biotechnologies Corp. (Victoria, BC, Canada). The anti-ERK2, JNK, NF-κB, IκBα and Bcl-2 polyclonal antibodies, anti-(glutathione S-transferase) (anti-GST) monoclonal antibody and NF-κB consensus oligonucleotides were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.). Anti-haemagglutinin (anti-HA) monoclonal antibody was purchased from Boehringer Mannheim (Indianapolis, IN, U.S.A.). The rabbit anti-p38 serum was a gift from Dr. John Lee. The GST-c-Jun(1-135) construct was provided by Dr. James Woodgett. Vectors expressing wild-type and mutant SAPK\ERK kinase 1 (SEK1) [SEK1wt and SEK1(K-R) respectively] were provided by Dr. John Kyriakis [30] . The rabbit polyclonal anti-(MAPK-activated protein kinase 2) (anti-MAPKAPK2) antibody was a gift from Dr. Jacques Huot. The pCMX vector was obtained from Dr. Tony Hunter, the pCMX-IkBαM from Dr. Inder Verma, and the pSFFV-neo and Bcl-2 expression vectors from Dr. Gabriel Nunez. The purified GST and GST-Bcl-2 proteins were provided by Dr. Lawrence Fritz.
Cell culture and transfections
HeLa (human cervical carcinoma) cells were maintained in Dulbecco's modified Eagle's medium (Biofluids, Rockville, MD, U.S.A.) supplemented with 10 % (v\v) fetal bovine serum (Hyclone, Logan, UT, U.S.A.), 100 i.u.\ml penicillin, 100 µg\ml streptomycin and 2 mM glutamine (Life Technologies, Gaithersburg, MD, U.S.A.) and were cultured at 37 mC in an air\CO # (19 : 1) atmosphere. Cells (4i10&) were plated in 60 mm dishes 14 h before H # O # treatment. All H # O # treatments were performed in medium containing serum. Although this necessitates the use of higher H # O # concentrations to induce apoptosis and activate MAPK than under serum-free conditions, it avoids the introduction of additional complexities into the model system due to the stress of serum starvation.
Transfections were performed by precipitation with calcium phosphate [31] . For the generation of stable lines, transfected cells were selected under 1 mg\ml G418 (Life Technologies) for 3 weeks. Expression of the foreign proteins was verified by Western blot analysis.
Staining with 4h,6h-diamidino-2-phenylindol (DAPI) and analysis by FACS for apoptosis
Nuclear staining with DAPI (Sigma Chemical Co.) was performed as described previously [32] . In brief, cells were fixed with 4 % (w\v) paraformaldehyde for 30 min at room temperature and permeated with ice-cold ethanol. The fixed cells were stained with DAPI (1 µg\ml) for 30 min and washed, then examined by fluorescence microscopy. Apoptotic cells were scored on the basis of the presence of highly condensed or fragmented nuclei. Although a small fraction of the total cells did become detached after treatment with H # O # , only cells that remained attached to the plates were analysed. For FACS analysis, 10' cells were fixed in 70 % (v\v) ethanol at 4 mC for 24 h, after which they were washed twice with PBS, resuspended in 0.9 ml of PBS and incubated with RNase A for 30 min at 37 mC. Propidium iodide was added to the cells ; they were then subjected to FACScan analysis. The presence of a sub-G " compartment of cells was indicative of apoptosis [33] .
Western blot analysis
Total cell proteins were extracted from cell monolayers, and 25 µg of protein lysate was size-separated by SDS\PAGE [12 % (w\v) gel]. After electrophoresis, proteins were transferred to PVDF membranes (Millipore, Bedford, MA, U.S.A.). After incubation of the membranes with appropriate antibodies, specific proteins were detected with the enhanced chemiluminescence (ECL) system (Amersham, Arlington Heights, IL, U.S.A.).
Immunoprecipitations and kinase assays
After treatment with H # O # for the indicated times, cells were ruptured in 0.5 ml of lysis buffer [20 mM Hepes (pH 7.4)\2 mM EGTA\50 mM β-glycerophosphate\1 mM Na $ VO % \5 mM NaF\1 % (v\v) Triton X-100\10 % (v\v) glycerol\1 mM dithiothreitol (DTT)\1 mM PMSF\10 µg\ml leupeptin\ 10 µg\ml aprotinin] for 30 min on ice. Cell debris was removed by centrifugation at 10 000 g for 10 min at 4 mC. JNK\SAPK, ERK and p38 were then immunoprecipitated by the addition of 1 µg of the appropriate antibody to the cell lysates for 3 h, with the addition of 40 µl of 50% slurry Protein A-Sepharose during the final hour. The beads were pelleted by centrifugation and then washed three times each in lysis buffer and wash buffer [500 mM LiCl\100 mM Tris\HCl (pH 7.6)\0.1 % (v\v) Triton X-100\ 1 mM DTT]. The beads were left as a 1 : 1 suspension in assay buffer and 20 µl (0.3 mg\ml) of either GST-c-Jun (for the JNK\SAPK assay) or MBP (for the ERK2 and p38 assays) was added. Kinase reactions were initiated by the addition of 15 µl of γ-$#P-labelled Mg# + \ATP solution o50 mM MgCl # \500 µM ATP\10 µCi of [γ-$#P]ATPq and performed at 30 mC for 20 min. Reactions were stopped by the addition of Laemmli sample buffer and boiling for 5 min. Samples were separated by SDS\ PAGE [12 % (w\v) gel], and after drying were subjected to autoradiography. Quantification was performed with a PhosphorImager (Molecular Dynamics, Sunnyvale, CA, U.S.A.). For the MAPKAPK2 kinase assay, the enzyme was immunoprecipitated from lysates with anti-MAPKAPK2 antibody. The immunoprecipitates were washed as for the p38 and JNK\ SAPK assays, and kinase activity was assayed with recombinant Hsp27 as substrate [34] .
Nuclear extract preparation and gel shift analysis
Nuclear extracts were prepared essentially as described [35] with the addition of 20 % (v\v) glycerol to buffer C [20 mM Hepes (pH 7.9)\0.4 M NaCl\1 mM EDTA\1 mM DTT\1 mM PMSF]. In brief, HeLa cells were treated with H # O # at the concentrations and for the times indicated in the Figure legends. At the time of harvesting, cells were washed twice with ice-cold PBS, scraped from the plates and suspended in 400 µl of cold buffer A [10 mM Hepes (pH 7.9)\10 mM KCl\0.1 mM EDTA\1 mM DTT\1 mM PMSF]. The cells were left to swell on ice for 15 min, then 25 µl of 10% (v\v) Nonidet P40 was added. The mixture was vortex-mixed for 10 s and incubated for 15 min on ice. Nuclei were collected with a 30 s spin, washed with cold buffer A and collected again. The nuclear pellet was resuspended in ice-cold buffer C, then rocked vigorously at 4 mC for 15 min followed by three cycles of freezing (k80 mC) and thawing (on ice). The nuclear extract was clarified by centrifugation at 12 000 g for 5 min at 4 mC ; the resulting supernatant was frozen at k80 mC.
For gel shift assays, nuclear extracts (4 µg of protein) were incubated in a 25 µl reaction mixture containing 10 mM Tris\HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA, 10 % (v\v) glycerol, 1 mM DTT, 1 mM PMSF, 1 µg of BSA and 2 µg of poly(dI-dC). The double-stranded $#P-labelled oligonucleotide corresponding to an NF-κB consensus binding site (AGTTGA-GGGGACTTTCCCAGGC, positive strand) was added to the reaction mixture and incubated at 25 mC for 30 min. Then 2 µl of loading dye [50 % (v\v) glycerol\0.25 % Bromophenol Blue] was added and the samples were subjected to non-denaturing PAGE in 4 % gels. The gels were dried and analysed with a PhosphorImager.
Statistical analyses
A paired Student's t test was used to assess differences between H # O # -treated and control groups. A P value of 0.05 was considered significant.
RESULTS
Treatment with H 2 O 2 induces apoptosis and activates MAPK pathways in HeLa cells
The cytotoxic effects of H # O # were evaluated 24 h after the treatment of HeLa cells with concentrations ranging from 200 to 1000 µM. Although little cytotoxicity was evident at concentrations below 300 µM, there was a dose-dependent decrease in cell number with higher concentrations, such that 600 µM H # O # resulted in more than 50 % loss in cell viability as assessed by Trypan Blue dye exclusion (results not shown). H # O # -treated cells exhibited morphological alterations consistent with apoptosis including shrinkage and membrane blebbing, and DAPIstained cells showed evidence of nuclear condensation and fragmentation ( Figure 1A ). These hallmarks of apoptosis were not evident in control (untreated) cells, which showed homogeneous nuclear staining. That H # O # -treated cells died via apoptosis was further confirmed by FACS analysis, where a sub-G " peak was evident in treated cells but absent from control populations ( Figure 1B) .
The numbers of apoptotic cells present in control and 600 µM H # O # -treated cultures at various times after addition of the oxidant were quantified by nuclear staining with DAPI. Whereas less than 1 % of untreated cells showed signs of apoptosis at any of the time points examined (results not shown), H # O # treatment resulted in a time-dependent increase in numbers of apoptotic cells ( Figure 1C ). Some degree of apoptosis was evident as early as 6 h after treatment, and a significant percentage of apoptotic cells was observed by 12 h. At 24 h after treatment, more than 50 % of remaining cells showed signs of apoptosis.
Because various members of the MAPK family have been implicated in influencing cell survival in response to stress, we examined the activation of ERK2, JNK1\SAPK1 and p38α isoforms of the respective subfamilies in HeLa cells treated with 600 µM H # O # . Immunocomplex kinase assays were used to assess the activities of each of these kinases. The anti-ERK2 and anti-p38α antibodies display cross-reactivity with ERK 1 and other p38 isoforms respectively, and thus probably reflect levels of total ERK and p38 complexes. The JNK1 antibody is highly selective for JNK1 and therefore our analysis is restricted to this isoform. As shown in Figure 2 , activities of all three kinases increased after treatment. Maximum activation of both ERK2 and p38α occurred within 1 h of the addition of H # O # , but maximum activation of JNK1\SAPK1 occurred after 3 h of treatment. Although ERK2 activity decreased at later time points, it remained above levels seen in the absence of treatment. In contrast, JNK1\SAPK1 and p38α kinase activity remained at maximal levels throughout the entire 12 h period.
ERK activation promotes the survival of H 2 O 2 -treated cells
Previous studies from our laboratory suggested that activation of ERK was an important factor in determining the survival of PC12 and NIH3T3 after treatment with H # O # [21] . Therefore we investigated the influence of ERK activation on H # O # -induced apoptosis in HeLa cells employing the inhibitor of MAPK\ERK kinase (MEK) activation, PD098059 [36] . MEK lies immediately upstream of ERK in the signalling cascade and is responsible for its phosphorylation and activation. As shown in Figure 3 (A), pretreatment of HeLa cells with 20 µM PD098059 for 1 h before the addition of 600 µM H # O # significantly inhibited ERK activation. An assessment of apoptosis in similarly treated cells revealed that the addition of the MEK inhibitor before treatment of cells with H # O # led to a significant increase in apoptosis ( Figure 3B ). These findings are consistent with our previous studies implicating early ERK activation as a factor for surviving oxidant injury [21, 22] .
Sustained JNK/SAPK activation is required for the induction of apoptosis after treatment with H 2 O 2
Because JNK\SAPK has been implicated in mediating apoptosis in response to stressful stimuli, we sought to examine whether JNK\SAPK activation was linked to apoptosis of H # O # -treated HeLa cells. For this purpose we transfected HeLa cells with plasmids expressing either wild-type SEK1 or a dominantnegative SEK1 mutant [SEK1(K-R)], the upstream kinase responsible for the activation of JNK\SAPK [30] . Control cells received the empty pCDNA3 host vector. Stable transfectants expressing either GST-tagged wild-type or mutant SEK1 were identified by Western blot analysis with an anti-GST antibody ( Figure 4A ) and then analysed for their response to treatment with H # O # . Overexpression of wild-type SEK1 had no significant effect on the magnitude of JNK\SAPK activation after treatment with H # O # , indicating that the endogenous SEK1 was sufficient to activate JNK\SAPK maximally in a dose-dependent fashion ( Figure 4B ). However, the SEK1 wild-type transfectants did exhibit a delay in the attenuation of JNK\SAPK activity compared with the vector control cells treated similarly with 600 µM H # O # ( Figure 4C ). Overexpression of the dominantnegative mutant SEK1(K-R), in contrast, resulted in a marked shift in the dose-response relationship for JNK\SAPK activation by H # O # , almost completely abolishing JNK\SAPK activation at the 3 h time point at concentrations below 500 µM ( Figure  4B ). In addition, the SEK1(K-R) expression significantly decreased the duration of JNK\SAPK activation in response to treatment with 600 µM H # O # ( Figure 4C ). To determine whether this decreased JNK\SAPK activity was correlated with altered cell survival, the percentage of apoptotic cells was assessed by DAPI staining after treatment of the wild-type and mutant SEK1-expressing cells with 600 µM H # O # . As shown in Table 1 , the SEK1(K-R)-expressing cells displayed a marked decrease in number of apoptotic cells, whereas the wild-type SEK1-overexpressing cells were slightly more sensitive than the control cells to the H # O # . These findings are consistent with the view that JNK\SAPK activation is an important event in the induction of apoptosis by H # O # .
H 2 O 2 -induced apoptosis is not dependent on p38
To ascertain whether activation of p38 MAPK influenced survival of HeLa cells after treatment with H # O # , the pharmacological inhibitors SB202190 and SB203580 were utilized. At low concentrations (below 10 µM), these agents have been shown to act as specific inhibitors of the activity of p38 without affecting the activities of either ERK or JNK\SAPK [37] . HeLa cells were pretreated for 1 h with various concentrations of the inhibitors before treatment with 600 µM H # O # . Cells were harvested 1 h later and assessed for inhibition of p38 by measuring the activity of a downstream target of p38, MAPKAPK2 [38] . The MAP-KAPK2 activity present in cell lysates was determined with an Time course of ERK2, JNK1 and p38 MAPK activation in HeLa cells treated with 600 µM H 2 O 2 for the indicated times. Polyclonal anti-ERK2, anti-JNK1 and anti-p38 antibodies were used for immunoprecipitation of the respective kinases from cell lysates. Kinase activity was assessed by immunocomplex kinase assays with MBP (for ERK2 and p38) or GST-c-Jun (for JNK1) as substrates.
immunocomplex kinase assay employing recombinant Hsp27 protein as a substrate. Both p38 inhibitors acted in a dosedependent manner to decrease MAPKAPK2 activity in H # O # -treated cells to levels below those of control populations ( Figure  5A ) : 1 µM was sufficient to abolish MAPKAPK2 activation completely. However, as shown in Figure 5 (B), these agents did not alter the number of apoptotic cells seen after treatment with the oxidant. Thus p38 activation does not seem to influence cell survival in response to treatment with H # O # .
Activation of NF-κB and its influence on survival of H 2 O 2 -treated cells
Recent studies have demonstrated that activation of the transcription factor NF-κB has an essential role in protecting cells from apoptosis mediated by a variety of stressful stimuli, including tumour necrosis factor α, γ-irradiation and certain chemotherapeutic agents [23, 24] . In such instances, NF-κB activation occurs through phosphorylation and subsequent degradation of the NF-κB inhibitor IκB. This results in the accumulation of free NF-κB, which can then translocate to the nucleus and interact with DNA. Interestingly, recent studies have implicated both the ERK-regulated kinase p90 RSK and a kinase in the JNK\SAPK phosphorylation cascade as mediators of IκB phosphorylation [25] [26] [27] 39] . Because NF-κB is known to be activated after H # O # treatment of HeLa cells [29] , we examined whether such activation influenced HeLa cell survival. NF-κB activation was assessed by its ability to bind to DNA by using gel mobility-shift assays with an oligonucleotide containing a consensus NF-κB-binding element. As shown in Figure 6 , NF-κB protein levels did not change but NF-κB DNA binding activity in crude nuclear extracts increased after treatment with H # O # . Competition assays utilizing excess unlabelled oligonucleotides confirmed that the binding activity was specific (results not shown). This NF-κB activation was associated with a loss of the inhibitor IκBα protein (presumably owing to its degradation). To determine the importance of NF-κB activation in the regulation of H # O # -induced apoptosis, we transfected HeLa cells with a plasmid expressing a dominant-negative form of IκBα protein (IκBαM) that is resistant to phosphorylation and degradation and therefore acts to inhibit NF-κB activation [40] . Protein immunoblotting demonstrated that the mutated protein IκBαM, which migrates differently from the endogenous IκBα, was indeed expressed in the transfectants ( Figure 7A ). Although expression 
Bcl-2 protects against apoptosis without altering JNK/SAPK activity
Numerous studies have provided evidence that Bcl-2 and the related protein Bcl-x L can prevent apoptosis induced by a variety of stimuli [41, 42] . Western blot analysis of HeLa cell lysates exhibited no change in the endogenous levels of either Bcl-2 or Bcl-x L expression after treatment with H # O # (results not shown). Expression of Bax, a third member of the Bcl-2 family, which is pro-apoptotic and acts to antagonize the protective influence of Bcl-2, was also unchanged after treatment with H # O # (results not Figure 8A) ; this Bcl-2 overexpression greatly suppressed H # O # -induced apoptosis ( Figure 8B ), consistent with its known anti-apoptotic functions. Although the mechanism by which Bcl-2 exerts this protective effect has not been elucidated, several studies have suggested that it might act through inhibition of the JNK\SAPK signalling pathway [9, 43, 44] . Given this fact, and our observation that alterations in JNK\SAPK activity affect the level of apoptosis seen in H # O # -treated cells, we examined whether Bcl-2 overexpression could modulate the level of JNK\SAPK activation seen after treatment with H # O # . Despite the significant inhibition of apoptosis seen in the Bcl-2-overexpressing cells, JNK\SAPK activity did not differ significantly from that seen in cells stably transfected with the empty expression vector pSSFV-neo ( Figure 8C ). The level of ERK activation seen after treatment with H # O # was also not affected by Bcl-2 overexpression (results not shown).
These findings seem to contradict recent reports suggesting that Bcl-2 might act to inhibit JNK\SAPK signalling ; we therefore undertook two additional approaches to investigate this issue further. In the first approach, we transiently transfected HeLa cells with a plasmid expressing HA-tagged JNK1 with a Bcl-2 overexpression vector. Transfected cells were either left untreated or were treated with H # O # . HA-JNK1 protein was then immunoprecipitated from cell extracts with anti-HA monoclonal antibody ; the immunocomplex was then assayed for its ability to phosphorylate the GST-c-Jun substrate ( Figure  9A ). Although Western blot analysis showed equal expression of HA-JNK1 protein, the HA-JNK1 activity was markedly elevated after treatment with H # O # , but this activation was not affected by co-expression of Bcl-2. The second approach examined the effect of adding purified Bcl-2 protein directly to the kinase reaction in itro. As shown in Figure 9 (B), recombinant Bcl-2 had no effect on the endogenous JNK1 kinase activity, which was greatly stimulated by H # O # treatment. Taken together, the findings obtained with three different experimental approaches suggest that, whereas treatment with H # O # greatly enhances 
DISCUSSION
Through the use of specific inhibitors of ERK, JNK\SAPK and p38, we have addressed the relative contributions of these kinases in influencing the survival of H # O # -treated HeLa cells. Inhibition of either ERK or JNK\SAPK significantly altered the survival of H # O # -treated HeLa cells, and the effects seen were in opposition : inhibition of ERK led to enhanced apoptosis, whereas inhibition of JNK\SAPK decreased the number of apoptotic cells. These findings support and extend the general hypothesis, put forth by Xia et al. [4] , that the dynamic balance between ERK and JNK\SAPK pathways is important in determining whether a cell survives or undergoes apoptosis. However, our findings differ in several respects. In the earlier studies of Xia et al., the model was one of growth-factor withdrawal in which ERK activity was suppressed at the same time as JNK\SAPK was activated. This resulted in a major shift in the ratio of JNK\SAPK activity to ERK activity. Indeed, it was suggested that the concurrent inhibition of ERK and sustained activation of JNK\SAPK was necessary for the induction of apoptosis in that model system. With H # O # treatment, both ERK and JNK\SAPK activities are elevated, and thus a smaller change in the actual ERK-to-JNK\SAPK ratio occurs relative to that seen with growth factor withdrawal. However, even small shifts in this balance achieved through manipulation of either the ERK or JNK\SAPK pathways produces marked changes in the survival of H # O # -treated cells. It is therefore likely that the differences in sensitivity of various cell types to the cytotoxic effects of H # O # reflect the relative activation of ERK and JNK\SAPK. In this regard it is worth noting that we have observed considerable variation in ERK and JNK\SAPK activation in different cell types in response to H # O # treatment [21] . High ERK activation has also been observed with other agents that result in oxidant injury such as asbestos and butylated hydroxytoluene hydroperoxide [22, 45] . Certainly the relationship between ERK activation and survival after oxidant injury is not restricted to HeLa cells, as we have previously reported that inhibition of ERK also decreases the survival of NIH 3T3 and rat PC12 cells treated with H # O # [21] . However, in our earlier studies we did not address the mechanism (i.e. apoptosis compared with necrosis) of cell death and did not examine the contribution of JNK\SAPK or p38 to the response. In agreement with our current findings, Aikawa et al. [46] have likewise recently provided evidence that ERK activation protects cardiac myocytes from apoptotic death after oxidative stress.
Small changes in the level or duration of JNK\SAPK activation can produce major changes in survival, as is evident in the time-course studies evaluating the effects of overexpressing wild-type and dominant-negative SEK1 on both JNK\SAPK activation and cell survival after treatment with 600 µM H # O # . The magnitude of JNK\SAPK activation by such treatment at the 3 h time point did not differ significantly between control cells, cells overexpressing wild-type SEK1 and cells expressing the mutant SEK1(K-R). However, SEK1(K-R)-expressing cells failed to maintain elevated levels of JNK\SAPK at later time points ; SEK1 cells maintained higher JNK\SAPK activity relative to control cells ( Figure 4B) . Survival of the SEK1-and SEK1(K-R)-overexpressing cells was correlated precisely with the relative JNK\SAPK activities seen at the later time points. Hence, in predicting the apoptotic response to treatment with H # O # , the duration of the JNK\SAPK activation seems more important than the level of activation attained. This relationship is consistent with that seen in other stress conditions that result in apoptosis, including growth factor withdrawal, and radiation treatment [4, 5, 8] .
Among the potential MAPK-regulated transcription factors known to be activated in response to oxidative stress is NF-κB. Under normal growth conditions, NF-κB is sequestered in the cytoplasm in an inactive state through its interaction with one or more members of the IκB family of inhibitory proteins. Conversion of NF-κB to an active form requires the release of IκB. This is accomplished through the phosphorylation of IκB leading to its ubiquitination and degradation. Two upstream regulators of JNK\SAPK, MAPK kinase kinase 1 (MEKK1), and a novel MEKK1-related protein, NIK (NF-κB-inducing kinase), have been implicated in the pathway leading to the phosphorylation of IκB [25, 26, 28, 39] . The ERK signalling pathway has also been linked to NF-κB activation through the finding that the ERKregulated kinase p90 RSK can phosphorylate IκB, leading to its inactivation in response to mitogenic stimulation [27] . There are conflicting reports on the role of NF-κB as a regulator of apoptosis in different model systems and different cell types [23, 24] . It was therefore of interest to determine the influence of NF-κB on the cellular response to H # O # in our model system. In keeping with previous studies in HeLa cells, treatment with H # O # resulted in the activation of NF-κB, although the increase in DNA-binding activity was relatively modest in our system. Inhibition of this NF-κB activation did not alter the survival of H # O # -treated cells. These findings are similar to those recently reported in another model of oxidative stress, that of hyperoxia treatment of cardiac myocytes [47] . Although hyperoxia led to a significant increase in NF-κB DNA-binding activity, it did not influence cell survival. However, in that model system the myocytes seemed to die via a necrotic, rather than an apoptotic, mechanism. Treatment of the same cells with H # O # did lead to apoptosis, but no activation of NF-κB was observed. Hence although NF-κB has an important role in regulating apoptosis in response to some stresses, it seems not to be important in influencing survival after treatment with H # O # . Several recent studies have provided evidence suggesting that Bcl-2 exerts its anti-apoptotic function through suppression of the JNK\SAPK signalling pathway. For example, overexpression of Bcl-2 was found to promote survival and to block JNK\ SAPK activation caused by withdrawal of nerve growth factor in PC12 cells [43] . More recently, Bcl-2 overexpression was found to prevent JNK\SAPK activation and to suppress apoptosis of N18TG neuroglioma cells caused by a variety of agents [44] . Although JNK\SAPK overexpression was able to antagonize this effect of Bcl-2, it did not seem to act directly on JNK\SAPK to inhibit its activity because the activation of MEKK1, an upstream intermediate of the JNK\SAPK cascade, was also prevented by Bcl-2 overexpression [44] .
The observation that Bcl-2 does not directly alter JNK\SAPK activity is supported by our finding that Bcl-2 did not affect JNK\SAPK activity when added in itro to cell extracts from H # O # -treated cells. However, our studies differ from those mentioned above in that we did not observe any suppression of H # O # -induced JNK\SAPK activation in i o when Bcl-2 was overexpressed. This was true both in cell lines stably overexpressing Bcl-2 and in experiments in which transiently transfected HA-tagged JNK was assessed for activity in cells cotransfected with the Bcl-2-expressing plasmid. Hence, at least for this model system, Bcl-2 seems to act downstream of JNK\SAPK to regulate apoptosis. These observations are particularly important given the possibility that Bcl-2 itself might act as an antioxidant [41] . If Bcl-2 were acting in such a fashion in our model system, it would be expected to decrease the level of oxidative stress and therefore dampen the activation of the MAPK signalling pathways.
In summary, our findings provide new insight into the relative contributions of ERK, JNK\SAPK and p38 MAPK (i.e. antiapoptotic, pro-apoptotic and no effect respectively) in regulating apoptosis in response to oxidant injury. In addition they provide novel information about the relative contribution of NF-κB (no effect) and the stage in the apoptotic pathway (downstream of JNK\SAPK) at which Bcl-2 acts to inhibit cell death. Future studies will be directed towards identifying the downstream effectors of the ERK and JNK\SAPK activities responsible for mediating their effects on cell survival after stress.
